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DYNAMIC BUCKLING OF CONTAINMENT:
THE INFLUENCE OF DAMPING

C. R. Farrar, T. A. Duffey, P. A. Goldman, and J. G. Bennett

Los Alamos National Laboratory
LOS tdamos, NM 87545 USA

ABSTRACT
The seismic buckling capacities of representative thin, unstiffened elastic containment shells are
investigated to evaluate the sensitivity of buckling to the darnping level. The finite element
method with transient time integration is utilized with both actual earthquake acceleration-time
signals and ti~cial time histories generated from regulatory spectra. The dynamic response and
subsequent buckling of the selected containment shells arc found to be highly dcpcndcnt on both
damping level and the degree to which the input signal excites the fundamental shear-bending
mode of the shell. Transient stresses and buckling lCVCISfor the two containment shells induced
by the seismic inputs were reduced in the range of 12% to 111% by incmsing the damping lCVC1
from 1% to 4% of critical,
1. INTRODUCTION
Metal containment structures for nuclear reactors arc typically thin-walled structures and may be
sensitive to buckling bccausc of the combination of ccmvcntional dead and live loads as well as
seismic excitation, The purpose of this paper is to investigate the i.nflucncc of damping on the
dynamic buckling of thin elastic shells.

Damping valuesaretypicallyspecifiedh terms of quivalent viscousdamping and have been
shown to be stress-level dependent. Determination of the role of damping on the response of
thin-walled containmcnts is particularly important because of the very low stresses (and
associated damping levels) at which these containrncntti buckle, A single viscous modal damping
is used for.seimic applications, and this value is considered valid for all modes of the structure.

The damping values for welded steel structures given in Table 1 of Rcgulato~ Guide 1,61 [1],
arc 2% or 470, with the lower value corresponding to an Operating-Basis Earthquake (OBE),
assumed to produce stress lCVCISapproximately two-thirds of yield, and the higher value
corresponding to a Safe-Shutdown Earthquake (SSE), assumed to produce stress Icvcls
approximately 90% of yield [2]. These darnping values, as stated in [1], should be used as modal
damping values for all modes considered in time-history dynamic analysis. However, [1] also
states that if the maximum combined stresses arc significantly lower than the yield stress for the
SSE, or half the yield stress for the OBE (both of which are the case for the contninmcnts
analyud herein), then chmping values lower than thosespecifiedin[1]shouldbe USCC!to avoid
undcrcstirnatingthenmplitudcsofvibrationsor the amplitudeofdynamic stresses.

Newmark and HtLIl[3] recommend a damping value in the mngc 0,5% to 1,0% for S(CCI
structures at a stress level below onc”fourth of the yield stress. More recently [4] they haVC



recommended a damping value for use at the working Stress level (no more than half the yield
stress) of 2% to 3%; the2% valuerepresentsa near lower bound and is considered to be “highly
conservative.”

In 1982 Stevenson and Thomas compared damping values that are used by the U.S., Canada,
and Japan [5]. The U.S. nuclear industry uses values between 2% and 4% for welded steel
structures. Canada uses 370 and Japan uses 1%.

Recommended or regulatory damping values for metal structures vary over a sign.iflcantrange,
and it is important to determine the influence of damping on the buckling of representative
containment shells, particularly in view of the low stress (and, therefore, damping) levels at which
these containment shells buckle. The investigation is based on design buckling criteria set forth
in ASME Code Case N-284.
2. BUCKLING OF CONTAINMENT: ASME CODE CASE N-284
In 1980, based primarily on work by Miller [6] that summarizes the previous experimental
buckling results of others, the ASME adopted Code Case N-284[7]. N-284 presents detailed
procedures for the buckling analysis and for the Iesign of metal containment shells, It is based
on the assumption that the intcmal stress field that controls the buckling of the shell consists of
the longitudinal membrane (axial), circumferential membrane (hoop), tmd in-plane shear stresses,

For the case of dynamic loading of a cylindrical shell, the stress results from a dynamic shell
analysis (for each time step) are screened for the maximum value of the axial comptwssion, hoop
compression, and in-plane shear stress at each area of interest in the shell. The maximum value
of each is taken together with the other two concument stress components to form a set of quasi-
static buckling stress components. For each area of interest on the shell, these three sets of
quasi-static buckling stress components corresponding to the three maximum values are used to
investigate the buckling capacity of the shell, Interaction curves that provide a means for
assessing the buckling c~pacity of a containment when subjected to a multidimensional state of
stress, and formulas for allowable values of stress components that, when acting individually, will
causebuckling(interceptvalues),arcpresentedinN-284,

Tests have shown thatgeometricimperfectionscan greatlyreduce the buckling capacity of a
cylindrical shell. To account for inevitable initial imperfections that will exist in an actual
containment structure, “Capacity Reduction” factor~ ,ue used in N-284 to reduce allowable
buckling stress values. The allowable values are effectively reduced further by an appropriate
factor of safety, as specified by N-284,

Design intmction surfaces are prcscntcd in N-284 to determine whether or not elastic
buckling of the containment has occurred, The surfaces arc of the general form

f(a,)cJ,!cfJ=L (1)

where cr@is axial stress, (st is hoop stress, and U@ is shear st.mss, Thus, no buckling occurs for

f S 1, whereris the design buckling limit is exceeded for f >1, Here cr$,UO,606, is the state of

stress at a particular point or ~gion on the containment shell at a particular instant in the
transient response.
3, NUMERICAL ANALYSIS OF CONTAINMENT SHELLS
Two rcprcsentativc free-standing, unstiffened steel containment shells were selected for anulysis,
Containment 1 represents a proposed next-gcncrution containment whose geometry is driven by
the need for n passive coolingmechanism, Conwinment 2 isa genericde~ign indicative of



existing unstiffened, free-standing commercial nuclear reactor containment. The geometries of
the two selected containment are compared to existing commercial containment in Fig, 1.
3.1 Selection of Analysis Method
A conventional modal analysis was performed with a commercial finite element code [8] to
determine the frequencies of the various response modes of the containment shells. Details of the
model are given in Subsection 3.3. Results arc shown in Fig. 2 for some of the lower shell modes
of Containment 1, The fundamental shear-bending mode (n = 1, m = 1) is seen to occur at

approximately 7.1 Hz. Even within a frequency band of 1 Hz about the fundarnemtal shm.r-
bending mode, a large number of shell modes are present. This excessive number of low-
frequency shell modes makes solution of the problem by the commonly used modal response
spectrum approach impractical. Rather, transient-time integration was chosen, using measured
and artificial earthquake acceleration-time histories as input to the base of the structure.
3.2 Specification of Seismic Input
Actual recorded earthquake signals were used in the time history analysis along with artificial
histories constructed from regulatory spectra, Various combinations of seismic excitation were
applied to the base of the ftitc element model in the two horizontal directions (global X and Y)
and in the veticai direction (global Z). Seismic acceleration-time histories used in this study are
the strong motion portions (6-s duration) of the 1940 El Centro N-S component, the 1949
Olympia N86E component, and 1935 Helena west component, scaled to a peak acccleriition of
0.3 g’s. The strong motion portions of these signals were aligned in time so they would simulate
an actual seismic event. In addition, artMcial acceleration-time histories were generated from the
design spectra given in US NRC Regulatory Guide 1,60.

A correlation analysis was performed between the El Centro and Helena, El Centro and
Olympia, and Helena and Olympia acceleration-time histories, It was found that the :hree signals
were uncorrelated (the correlation coefficients all were less than 0,3). Therefore, use of these
three different earthquakes assured that the three input components were randomly phased.
3.3 Finite Element Shell Model
An axisyrnrnctric half model of the containment shell as shown in Fig, 3 was generated using a
standard 8-node quadratic shcIl elerncn~ Runs were f~st made to detmmmc the appropriate
equilibrium tolerances that were necessary to obtain convergcncc, The model of Containment 1
was then excited in the Y and Z directions using the Olympia and Helena earthquake acceleration
histories, rcspectivcly, M tcxtical (Z) components of accckration were scaled by a factor of
0.67. A second axisytnmctric model was then run, with the El Ccntro acceleration-time history
applied in the Y direction, Resuits of the time integration of the second mn were then rotated 90
degrees (which simulated X-direction excitation) and superposed with the earlier results oi the
Oiympia-Helena run. This superposition of stress components results in the 3-dimensional
response of the containment shell from transient base excitation in the three orthogonal
directions. Superposition of stress compont nts by this method is valid when the response is
srnall-deflection, elastic behavior,
3,4 Finite Element Results
Results of combined stresses for Containment I arc shown on the longitudinal compressive shear
stress interaction curve in Fig. 4 for 1% damping, Thc interaction curve is shown in Fig, 4, along
with all combined stress points calculated for each tirnc step at integration points near the base,
Fig, 4 clearly shows that, for 1% dumping, a substantial number of combined stress points lie
outside the design interaction curve, implying that the N-284 buckling criteria htis beeti cxcceded



for the 0.3 nominal input. Results in Fig. 4 include static loads as well. Using a scaling
procedure developed in [9], incipient buckling occurs in this example at 0.17 g. - -

Results for 4% damping shown in Fig. 5 indicate that the ASME buckling criteria are not
exceeded, and that acceleration levels would have to be scaled to a peak value of O.31 g’s to
cause incipient buckling. However, for the low stress levels at which buckling occurs for the
containment, 49i0 damping appears inappropriate. Figs. 4-5 again show that buckling of the
containment is very sensitive to the damping value chosen.

The hoop component of stress was neglected in Figs, 4-5 to facilitate visualization. If this
third component of stress is considered, a 3-dimensional interaction surface results. For example,
results for 1% damping, including hoop stresses, are shown in Fig. 6, The points that have been
shown are outside the surface and indicate that the N-284 buckling criteria has been exceeded.
When the hoop stress component is added, the incipient buckling ‘acceleration level is reduced
from 0.17 g’s to 0.10 g’s, a 59% reduction.

The above superp~~sitionprocedure was repeated for both Containment 1 and 2 for various
other combinations of the El Centro, Olympia, and Helena signals, and for additiorwl acceleration
signals including one constructed from regulatory design spectra. Details of the input
combinations are presented elsewhere [9].

For a given e&thquake combination, the acceleration level required to produce incipient
buckling is found to increase with increased damping, as expected. However, the percentage
increase in going from 1 to 4% darnping varies significantly. The acceleration values for incipient
buckling are plotted in F@. 7-8 as a function of damping level for radius-to-thickness ratios of
645 and 450, respectively. As can be seen, the increase in buckling with damping level is, in all
cases, nearly linear, although slopes of the curves -- the sensitivity of damping on buckling -- (MC
different for the various sei_srnickput combinations. These differences are directly attributable to
differences in amplification of the fundamental shear-bending mode of the shell,
4. SUMMARY OF RESULTS
A set of finite element numerical analyses of two representative thin-walled steel containmerit
shells arc performed using a series of different earthquake signals in various combinations as
input. It is found that the acceleration level to produce incipient buckling increases with
in&eascd damping. The percentage incrwse in ‘going from- 1% to 49’0- damping varies
significantly and depends on dynamic amplification of the bending-shearing mode of tile
containment shell, For the various load cases considered, the percentage increase varied between
12% and 111%,

It is clear that buckling of thin containment shells can depend strongly on damping Icvel
selected; and that this dttmping level is a somewhat uncertain value, depending on the stress level.
Further effort is needed to assess proper damping levels for dynamic shell buckling,
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